Metal-assisted chemical etching is a simple and low-cost silicon nanowire fabrication method which allows control of nanowire diameter, length, shape and orientation. In this work, we fabricated well-ordered silicon nanowire array by patterning gold thin film by nanosphere lithography and etching single crystalline silicon wafer by metal-assisted chemical etching technique. We investigated relation between etched solution concentration and nanowire morphology, wafer crystal orientation, etching rate. This well-ordered silicon nanowires arrays have the potential applications in many fields but especially next generation energy related applications from solar cells to lithium-ion batteries.
INTRODUCTION
Metal-assisted chemical etching is a simple, low-cost and scalable technique enabling fabrication of semiconductor nanowires at desired cross-section shape, length, while preserving crystal orientation, doping type and level of starting substrate 1 . This simple nanowire fabrication method took attention of many researchers and applications in solar cells 2, 3, 4 , thermoelectrics 5 , Li-ion batteries 6, 7 and hydrophobic surfaces 8 are demonstrated. Until now, various fabrication approaches were developed but the most popular of these approaches is single step nanowire fabrication by immersing silicon into metal salt and hydrofluoric acid (e.g. AgNO 3 :HF) solution 2, 9, 10 . In this approach, metal nanoparticle formation on the silicon surface is followed by silicon wafer etching and silicon nanowire formation. Despite its simplicity, random distribution of metal particle size and their position on silicon surface results in random distribution silicon nanowire size and position. Another approach is two step fabrication which starts with depositing and patterning a metal thin film on the sample, following immersion of sample into oxidizing and hydrofluoric acid (e.g. H 2 O 2 :HF) solution. By this way, well-ordered silicon nanowires at desired cross-section shape and separation can be fabricated 11 . In this work, we fabricated well-ordered silicon nanowire array by patterning gold thin film by nanosphere lithography technique and etching single crystalline silicon wafer by metalassisted chemical etching. We investigated relation between etching rate and nanowire morphology with starting wafer crystal orientation, etching solution concentration and etching time.
EXPERIMENT
(100) and (111) oriented single crystal p-type silicon wafers at resistivity 1-10 Ω·cm with native oxide were cleaned by following RCA-I procedure. Samples were dipped into NH 4 OH(30%) : H 2 O 2 (30%) : H 2 O = 1 : 1 : 5 solution at 80 o C for 15 minutes, rinsed with deionized water and dried with nitrogen gas. This cleaning process not only removed organic contamination on the samples' surface but also increased surface hydrophilicity which is very important for the nanosphere assembly process. Next, 490 nm and 1010 nm diameter polystyrene (PS) nanospheres were assembled onto silicon wafers in single layer hexagonal closely packed (hcp) form by using convectional self-assembly method 12 . These nanospheres were etched under oxygen plasma, in order to decrease their size. Samples were loaded in a vacuum chamber and pumped down to 20 x 10 -3 mbar by using mechanical pump. Next, high purity oxygen gas was introduced to the chamber and working gas pressure was set to 500 x 10 -3 mbar. Oxygen plasma was generated by applying 50 W RF power between parallel plate electrodes and 490 nm and 1010 nm diameter polystyrene nanospheres etched 3 minutes and 6 minutes, respectively. Etched nanospheres were used as shadow mask for following gold thin film evaporation. Samples were loaded into deposition chamber, system pumped down to 3 x 10 -6 mbar and 50 nm thick gold film was deposited by using thermal evaporation technique. Immersing the samples into toluene for 45 minutes, nanosphere lifted-off leaving well-ordered gold honeycomb mesh. Next, samples dipped into HF(50%) : H 2 O 2 (30%) solution for various concentrations to understand the effect of solution concentration on nanowire morphology and etching rate at room temperature. Silicon nanowire morphology was analyzed by using JEOL 7000F scanning electron microscope (SEM).
DISCUSSION
Using the nanosphere lithography technique, we were able to fabricate well-ordered gold honeycomb mesh. Fig. 1a shows top view SEM image of hexagonally closed packed single layer PS nanospheres of 490 nm diameter. In order to decrease nanosphere size, they were etched in oxygen plasma as shown in Fig. 1b . Etched nanospheres were used as shadow mask for 50 nm thin film gold deposition. Depositing the gold layer on top of nanospheres filled the gaps and honeycomb gold thin film mesh was obtained after nanosphere lift-off as shown in Fig. 1c . Same procedure is followed for 1010 nm diameter PS spheres. Next, samples were dipped into hydrofluoric acid and hydrogen peroxide solution and silicon underneath the gold layer etched faster forming silicon nanowires as shown in Fig. 2. 
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Silicon nanowire diameter was defined by the honeycomb gap size, in order words reduced nanosphere size, nanowire separation was defined by nanosphere diameter and nanowire length was controlled by etching time. During the etching, hydrogen peroxide is preferentially reduced at gold surface due to its catalytic activity and generates holes. Holes diffuse through gold, inject into the silicon and dissolves silicon at Si/metal interface. The overall oxidation-reduction reaction can be written as Hole concentration is maximum at Si/Au interface therefore etching is anisotropic in one direction. On the other hand, if hole generation at the interface is higher than hole consumption then holes diffuse from interface to off-metal areas causing nanowire sidewall etching.
We investigated the effect of HF : H 2 O 2 solution molar ratio on nanowire morphology and etch rate at (100) and (111) oriented silicon wafers as shown in Fig. 3 . Our results are very parallel to observation of Chartier et. al. 13 who investigated the effect of HF/H 2 O 2 ratio on etching rate for silver nanoparticles. If we define ρ = (HF / HF + H 2 O 2 ) x 100%, for
• 100% > ρ > 85%, all the generated holes are consumed at Si/Au interface forming solid nanowires as shown in Fig. 3c . In this regime, etching rate is determined by hydrogen peroxide concentration.
• 85% > ρ > 60%, most of the generated holes are consumed at Si/Au interface and others at nanowire sidewalls forming low porosity nanowires.
• 60% > ρ >30%, generated holes cannot be consumed at the Si/Au interface and they diffuse away to nanowire sidewalls causing highly porous nanowires as shown in Fig. 3b . In this regime, etching rate is determined by hydrofluoric acid concentration.
• 30% > ρ, anisotropic etching was not observed. We have not observed significant difference between etch rates of (100) and (111) oriented silicon wafers. We also investigated change in nanowire length with etching time for gold meshes patterned by 490 nm and 1010 nm PS spheres for ρ = 90%. As shown in Fig. 4 , nanowire etching rate is almost same for different mesh size and linear. 
CONCLUSIONS
In summary, we prepared well-ordered periodic silicon nanowire arrays by using nanosphere lithography and metal-assisted etching method. We investigated relation between nanowire morphology and starting wafer crystal orientation, etching solution concentration and etching time are determined. These well-ordered silicon nanowires arrays have the potential applications in many fields but especially next generation energy related applications from solar cells to lithium-ion batteries.
